Müllerian mimicry theory states that frequency dependent selection should favour geographic 13 convergence of harmful species onto a shared colour pattern. As such, mimetic patterns are 14 commonly circumscribed into discrete mimicry complexes each containing a predominant 15 phenotype. Outside a few examples in butterflies, the location of transition zones between 16 mimicry complexes and the factors driving them has rarely been examined. To infer the patterns 17 and processes of Müllerian mimicry, we integrate large-scale data on the geographic distribution 18 of colour patterns of all social bumble bees across the contiguous United States and use these to 19 quantify colour pattern mimicry using an innovative machine learning approach based on 20 computer vision and image recognition. Our data suggests that bumble bees exhibit a manifold of 21 similar, but imperfect colour patterns, that continuously transition across the United States, 22 supporting the idea that mimicry is not discrete. We propose that bumble bees are mimicking a 23 perceptual colour pattern average that is evolutionarily transient. We examine three comimicking 24 polymorphic species, Bombus flavifrons, B. melanopygus, and B. bifarius, where active selection 25 is driving colour pattern frequencies and determine that their colour pattern transition zones 26 differ in location and breadth within a broad region of poor mimicry. Furthermore, we explore 27 factors driving these differences such as mimicry selection dynamics and climate. 28 29
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Background 33
Mimicry has long served as an example of evolution in action, with the exceptional 34 diversity and convergence it generates informing both microevolutionary and macroevolutionary 35
processes [1] . Defensive mimicry occurs when there is a convergence of phenotypic qualities 36 among organisms for the benefit of reduced predation [2] . While often defensive mimicry is 37 considered in terms of palatable species mimicking unpalatable ones (i.e., Batesian mimicry), in 38
Müllerian mimicry, similarly harmful, sympatric species mimic each other by converging on a 39 shared warning signal [3] . Müllerian mimicry phenotypes, often colour patterns, are thought to 40 be generated and sustained through frequency-dependent selection driven by predator 41 experience: predators learn to avoid warning colours of harmful species they have previously 42 sampled, leading to increased survival of species portraying the most abundant colour patterns 43
[2]. 44
It has been posited that frequency-dependent selection on a noxious lineage should 45 promote a single, global aposematic colour pattern [4] . However, in nature, Müllerian mimicry 46 systems follow more of a global mosaic, whereby predominant mimetic patterns differ by 47 understanding of how colour patterns as a whole, based on broad color classes, are shared among 127 individuals and bumble bee species. Thus far, all bumble bee species have been observed to use 128 the same pigments for these respective colours [39, 40] , thus, only saturation is likely to differ 129 substantially. Templates were exported at 256x256 pixel resolution for perceptual analyses. 130
We used an innovative machine learning approach to quantify perceptual similarity 131 among bumble bee colour patterns. This method involves using a deep convolutional neural 132 To understand how mimetic fidelity varies across these species' ranges, we assessed the 218 degree to which the colour patterns of each polymorphic species differed from the local 219 perceptual colour pattern frequency across their distribution. For each specimen, we estimated 220 the distance between the t-SNE x-y coordinates for its colour pattern and the perceptual colour 221 pattern frequency for all bumble bees located in the grid cell the specimen is contained in using 222 the Pythagorean theorem. Distances across all specimens in a grid cell were averaged for each 223 species and relative distances plotted. 224
225

Potential forces driving distributions 226
To examine whether mimetic transition zones in these polymorphic bumble bees tend to occur in 227 climatic transition zones, we first performed ecological niche modeling to predict the distribution 228 of each colour pattern based on climatic preferences. If the localities for one colour morph 229 predict a niche distribution that encompasses the range of the other colour form that would 230 suggest they both occupy similar climatic zones. Second, we removed localities from the region 231 of the distribution that includes the hybrid transition zone and inferred whether climatic models 232 alone could predict the range of each colour pattern within the hybrid zone. Table 2 ). Each 236 environmental layer was converted to an ASCII file in R using the package raster [63] and run 237 through 15 cross-validated replicates, with model performance assessed using the AUC statistic. 238
The output was visualised in QGIS3 [64] . 239
Results
242
Mimetic fidelity among bumble bees in the United States 243 244
Analysis of the similarities and differences of bumble bee colour patterns displayed in the t-SNE 245 plot (Figure 1a) shows that bumble bee colour patterns do not form discrete clusters of similar 246 color patterns as one might expect with mimicry, but rather bumble bee colouration falls on a 247 continuum of perceptual colour pattern variation (Figure 1a) . However, there are some distinct 248 groupings among species that are traditionally assigned to the same mimicry zones and 249 
undersampled. 262
In our analysis comparing the perceptual colour pattern frequency for every grid cell 263 within the United States, it is clear that the colour patterns of bumble bees are not similar across 264 their range, but differ in the perceptual colour pattern frequency by geographic region. Our 265 analysis suggests that there are four major colour pattern complexes (Figure 1c and 1d) 
frequency. 289
From this analysis, we gain improved understanding of where the predicted hybrid zones 290 between these complexes fall. The data reveal broad, rather than narrow transition zones, 291 between mimicry complexes with regions of high admixture and poor mimicry in between higher 292 fidelity regions (Figure 1c) . The Rocky Mountain/Pacific hybrid zone falls in eastern Oregon and 293
Washington and is broken by the Nevada desert. The Pacific Northwest region, however, 294 generally has a lot of mixture across the colour pattern space suggesting colour pattern diversity. 295
The second hybrid zone lies in the transition between endemic western and eastern Bombus 296 fauna as one descends the Rocky mountain foothills in the Great Plains states (Figure 1c) . 297 298
Evolution of shared warning signals 299
In examining bumble bee colour patterns within the United States mapped onto the 300 phylogeny, it is apparent that similar colour patterns are scattered across distant lineages, 301
showing little phylogenetic signal. In addition, there was no significant correlation between 302 phylogenetic and perceptual distances (r=0.0701, p=0.1051) (Figure 1b) . 303 304
Mimetic transition zones in polymorphic species 305
The B. flavifrons transition zone aligns fairly well with that for all species (Figure 1c, 2a) . 306
B. flavifrons appears to exhibit relatively good fidelity outside the colour pattern transition zone, 307 but is a poor mimic within the transition zone (Figure 2b) . The primary B. melanopygus hybrid 308 zone is especially narrow and shifted westward from the typical hybrid zone of all species 309 (Figure 2e, 1c) . The ferruginous and black forms are good mimics where these forms typicallyoccur (Figure 1c ), but where there are no other abundant ferruginous species, in the Pacific 311
Northwest to northern California, this pattern is a poor mimic (Figure 2f) . In B. bifarius, the 312 inferred hybrid zone is much broader and more eastern shifted relative to the other polymorphic 313 species (Figure 2i ) and the standard hybrid zone (Figure 1c) , with this zone transitioning from 314 black to ferruginous with a continuum of intermediate colour patterns (Figure 2i ). The fidelity of 315 the black, ferruginous, and intermediate forms each varies with the highest fidelity observed on 316 the far western and eastern extents of this species range. It is especially apparent that the black 317 form is shifted further east than is optimal in the eastern portion of its range and the intermediate 318 form sustains decent fidelity throughout its distribution suggesting that it may garner protection 319 in both predominately black and ferruginous populations (Figure 2j) . 320
Niche models fail to predict that colour patterns occur within each other's range for all 321 three polymorphic species (Figure 2c, 2g, and 2k) , suggesting climatic differences between the 322 regions of each form. When localities from each respective hybrid zone are removed, climate 323 somewhat predicts the ferruginous colour morph distribution of each species. However, it does 324 not predict the range of the black form, suggesting that the black forms occupy a more distinct 325 climatic region and that each species extends beyond this climate optimum for this form. shift slightly by segment (e.g., a yellow stripe in the 4 th vs. 5 th abdominal segments would be 341 coded completely different, but look nearly the same; Figure 1a ) and binning approaches [21] , 342 where pattern contrasts are assigned to subjective colour pattern groups, forces potentially 343 continuous patterns into discrete categories. The machine learning approach we used is modeled 344 on human visual perceptual data obtained with the explicit purpose of extracting the most 345 recognisable features and colour contrasts of an image to assign scores of similarity between 346 images. These perceptual models are thus ideal for scoring perceptual colour pattern differences 347 of mimics using image recognition criteria, enabling quantification of mimetic fidelity and 348
distribution. 349 350
Müllerian mimicry complexes in bumble bees are continuous and transient 351
Our analyses further supports mimicry in bumble bees: similar colour patterns cluster in distinct 352 geographic zones (Figure 1c ) and are convergent, as they map to very different places in the 353 phylogeny (Figure 1b) . The geographic data supports the three mimicry complexes for U.S. ( Figure 1c and Figure 1d ). These species have sharply declined during the last 10-15 years, thus, 363 removing these species from the analysis demonstrates real short-term changes. The shift in 364 inferred mimicry complexes reveals the sensitivity of mimicry optima to such changes and that 365 ever-changing selection regimes can continuously shift mimicry patterns. 366
Mimicry theory states that frequency-dependent selection should pull species toward a 367 shared more "perfect" colour pattern for each region [5] , generating discrete mimicry complexes. 368
Previous research examining the geographic clustering of similar colour patterns using a binning 369 approach at a coarse geographic scale, ascribed bumble bees to multiple discrete mimicry groups 370
[21]. While we recognise the same mimicry groups, we found that when examined at a fine-scale 371 these patterns are not discrete, as bumble bees exhibit a manifold of perceptual colour patterns in 372 colour pattern space (Figure 1a ). This colour pattern continuum reflects their geographic 373 distribution from west to east, suggesting that colour patterns tend to transition more on a 374 gradient across geographic space as opposed to occupying discrete groups. So, how is it that 375 bumble bees exhibit such a gradation of variable patterns with different degrees of fidelity to a 376 regional pattern? 377
In nature, mimicry is often imprecise [22] . Most likely some bumble bee colour patterns 378 are imperfect mimics of any given mimetic form. Our data shows a broad region with poor 379 mimicry in the Pacific Northwest where mimicry zones transition. This region appears to display 380 many different colour patterns at low frequency. In such cases, frequency-dependent selection 381 would result in reduced directional selection favouring any given phenotype. Selection for colour 382 pattern convergence may also be relaxed in these regions as predators may generalise colour 383 patterns to avoid making a harmful mistake [69, 70] . Some of the taxa we observed displaying 384 patterns in between traditional mimetic patterns in our t-SNE analysis (Figure 1c The ability of predators to recognise and remember colour patterns [71], a potential issue 396 with fast-flying bumble bees, should also be considered. Given that some mimicry zones with 397 nearly identical patterns exist (e.g., Southern Rockies), most likely predators can discriminate 398 and select for more perfect mimicry. However, this could be influenced by the predator 399 community present, flight ranges of experienced birds in the transition zone, and the ease of (Figure 1c and 1d) , which could enable it to be a partial mimic of both 438 colour forms. Intermediate patterns could variably serve an advantage or at the very least be 439 under weaker forces of selection. B. bifarius is also a very abundant species and, as such, 440 whatever its pattern is in a region could become a more locally favoured pattern (it was the most 441 abundant species in many grid cells; Figure 1f) . 442
Colour pattern inheritance dynamics, including genetic dominance and genetic 443 complexity and constraints, could also influence the location of mimicry transition zones. The 444 ferruginous-black colour pattern variation observed in B. melanopygus is discrete (Figure 2e ) andcontrolled by a single Mendelian gene [78] , whereas B. bifarius exhibits a gradation of
